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Introduction
Earth's orbital configuration can be calculated to a high degree of accuracy over the 30 last tens-of-millions of years [Laskar et al., 2004] . Therefore, orbital variations offer the 31 possibility of demarking the flow of time in geologic records if their signals can be contin-32 uously tracked. This possibility has long been recognized [McGee, 1892; Gilbert, 1900] , 33 but only with the unambiguous identification of orbital period variability in marine sedi-34 ment core records [Hays et al., 1976] did orbital tuning become a standard practice [e.g.
35
Imbrie et al., 1984; Shackleton et al., 1990; Lisiecki and Raymo, 2005] . The general ap-36 proach is to stretch, squeeze, and shift portions of a climate record so as to maximize its 37 correspondence with a curve derived from the time history of changes in Earth's orbital 38 configuration, a process referred to as orbital tuning. Note that changes in insolation re-39 sult from both orbital (e.g. eccentricity) and rotational (e.g. precession and changes in the 40 obliquity of Earth's spin axis) changes, but that we will use orbital to refer to all changes 41 in Earth's orbit and orientation that result in long-term changes in the distribution of 42 insolation.
43
Several distinct methods exist to check the accuracy of orbitally tuned records. One well 44 known success was the prediction of an older date for the Brunhes-Matuyama magnetic 45 reversal than had been estimate using radiometric methods [Johnson, 1982; Shackleton 46 et al., 1990] , and which was subsequently confirmed with more accurate radiometric es- ating success using the concentration of variance at other bands-e.g., obliquity [Hilgen 52 et al., 1993; Karner et al., 2002] . This minimal tuning approach is generally applicable sapropel records [Lourens et al., 1996; Lourens, 2004] , though the stringency of such a 57 check depends upon the degree to which the tuned signals are independent of one another 58 and the accuracy with which the resulting timescales can be related to one another.
59
A final test, which is the focus of this study, involves comparing eccentricity against 60 the amplitude modulation of variability in the precession band of a tuned record [e.g.
61
Imbrie et al., 1984; Ruddiman et al., 1989; Shackleton et al., 1990; Tiedemann et al., 1994; 62 Shackleton et al., 1995; Paillard , 2001 0.61 (see Fig. 1 ). 
The frequency of climatic precession
The influence of eccentricity on the amplitude of precession forcing is more widely ap-136 preciated than its influence upon the frequency. The degree to which a gravitational 137 perturbation influences Earth's orbital parameters depends on the strength and orienta-138 tion of the perturbing force, as well as Earth's orbital configuration itself. Burns [1976] 139
showed that the change inω resulting from a gravitational perturbation will be propor- tional to e −1 (1 − e 2 ) 1/2 , suggesting that during times of low eccentricity dω/dt will have 141 greater variability.
142
The foregoing simple example approximates the perturbations to Earth's orbit as an 143 instantaneous pulses, but in actuality prolonged exchanges of momentum occur between
144
Earth and the celestial bodies. These interactions can be better described using secular 
Analysis of Laskar's solution
The history of Earth's orbital variations is available from analytical [Laskar , 1988] , semi-
154
analytical [Laskar et al., 1993] , and numerical integration [Quinn et al., 1991; Laskar et et al., 1993, 2004] , even over the last five Ma, but these additional consideration with some amplitude modulation.
189
In the case that all terms with k > 1 are filtered, Eq. 1 can be expressed as,
The last term in Eq. 2 indicates amplitude modulation of a carrier signal with frequency, amplitude modulated (Fig. 3) between eccentricity and the amplitude of the tuned but unfiltered signal is only 0.07.
241
If we apply our tuning algorithm to the actual δ 18 O record [Shackleton et al., 1990] 242 starting from the depth-derived timescale, the resulting cross-correlation with eccentricity 243 is 0.50. Given a mean synthetic value of 0.54, there is then no evidence for a significant dimensions, e x and e y (see Fig. 4a ).
297
Earth's eccentricity vector, e, moves periodically about a point, e F , called the forced
In this example, for simplicity, the forced eccentricity is taken to lie along e x . The periodic 300 motion has a frequency, f , and an amplitude, e f , referred to as the free eccentricity.
301
The full eccentricity vector is given by the vector sum of e x and e y . The angle, , is given by tan −1 ey ex , and its time rate of change by,
Note that the changes in eccentricity and are periodic but not uniform because they 302 are measured relative to the origin.
303
There are two cases to consider. First, when e f is greater than e F ,˙ increases on 304 approaching the origin, whereas when e f is smaller than e F ,˙ decreases. The magnitude 305 of the effect increases with a closer approach to the origin (see Fig. 4 ). Thus, when the 306 eccentricity is smallest, the magnitude of the excursions in the frequency associated with precession are largest. This relationship is directly analogous to the interaction between 308ω and e found in the more complete numerical simulations of Earth's orbit (Fig. 2) .
309
Note that when e f is greater than e F , the average value associated with˙ equals˙ f , 310 which in this case is specified to be 1/100 ky −1 . However, when e f is less than e F , the 311 eccentricity vector never circles around the origin and the average value associated with 312˙ is zero (see Fig. 4d ). For Earth, the precession of the equinoxes is more rapid than 
